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Abstract. Titanium oxide nanotube (T iO2 nanotube) arrays were produced by anodizing
titanium foils in two different electrolytes. The first electrolyte consisted of ethylene
glycol containing 0.5 wt% NH4F and 4 vol% of distilled water to produce pure T iO2
nanotube arrays and the second consisted of HF aqueous solution (0.5 wt%) containing
0.5% polyvinylalcohol to produce carbon doped T iO2 nanotube arrays. The fabricated T iO2
nanotube arrays were subsequently annealed in the atmosphere of nitrogen. The morphology
and crystal structure of fabricated arrays were characterized by means of scanning electron
microscopy and X-ray diffraction. The electrical conductivity and capacitance of T iO2
nanotube arrays were investigated by electrochemical impedance spectroscopy (EIS)and cyclic
voltammetry (CV). Water contact angle and biocompatibility of fabricated nanotube arrays
were investigated. The results showed that carbon doped T iO2 nanotube arrays annealed
in the atmosphere of nitrogen have higher conductivity and capacitance than those of pure
arrays annealed in the same atmosphere. Doping with carbon enhances the biocompatibility
and wettability of T iO2 nanotube arrays. It has also noted that electrical conductivity and
capacitance of T iO2 nanotube arrays were directly proportional to the tube wall thickness.
1. Introduction
Recently, considerable attention has been paid to TiO2 nanotube arrays as they can provide
a direct way for charge transport and provide a large surface area. TiO2 nanotube arrays
were fabricated using various approaches, for example, template, anodization and hydrothermal
synthesis [1]. Anodization is the most common process due to its low cost, it is also an
environmentally friendly and highly controllable process by which highly ordered arrays can be
fabricated with different tube morphologies. These highly ordered arrays have a great prospect
to be employed as electrochemical electrodes [2]. However, the low conductivity of pure form
and amorphous nature of TiO2 nanotube arrays resulting from anodization is a significant
obstacle that limits them for such application [3]. To overcome this problem, chemical and
physical approaches such as annealing in different gases, anodization and chemical deposition
were employed to introduce transition metals such as Pt, Cr and Ag or nonmetal elements
including C and N on TiO2 lattice [4]. TiO2 can exist in three different crystalline structure
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Table 1. diameter, wall thickness and length of pure and carbon doped T iO2nanotubes annealed in atmosphere
of nitrogen.
TiO2 nanotube
array
Tube diameter
(nm)
Tube wall thick-
ness (nm)
Tube length (µm)
TNT-25V 37.68 13.52 1.38
TNT-C-15V 38.23 13.61 0.791
TNT-35V 57 18.45 2
TNT-C-20V 56.89 17.96 1.16
TNT-45V 68 23.2 3.7
TNT-C-25V 68.75 2.43 2.2
forms; rutile, anatase and brookite. In general, transformation from amorphous to crystalline
form occurs when TiO2 is heated above 350
◦C when anatase is formed, while rutile is the most
stable phase at temperatures greater than 800 ◦C [5, 6]. It has been shown that brookite is a
rare phase that could exist as a minor phase depending on fabrication conditions [7]. Among
the three crystalline structures, anatase is shown to be the most conductive phase [8]. In this
work, anodic oxidation process was employed to fabricate pure and carbon doped TiO2 nanotube
arrays with convergent tube diameter and wall thickness. The results showed that TiO2 nanotube
arrays doped with carbon and annealed in the atmosphere of nitrogen have higher electrical
conductivity and capacitance than those of pure TiO2 nanotube arrays annealed in the same
atmosphere. Carbon doped nanotube arrays showed higher biocompatibility and wettability than
those of pure nanotube arrays.
2. Experimental section
Six rectangular samples of titanium foils (purity of 99.7%) with dimension of 1 cm x 1.5
cm were cleaned by ultrasonic treatment in solution of ethanol and de-ionized water for 10
minutes. An electrochemical cell of platinium cathode was used to anodize the titanium samples
which were placed as anode electrodes and separated by 2 cm from the cathode. Three samples
were anodized in electrolyte consisting of ethylene glycol (anhydrous, 99.8% sigma Aldrich)
containing 0.5 wt% NH4F and 4 vol% of distilled water (electrolyte A) at voltages of 25 V, 35
V and 45 V for one hour. An electrolyte of HF aqueous solution (0.5 Wt%) containing 0.5 wt%
polyvinylalcohol with molecular weight of 89000-98000 (electrolyte B) was used to anodize the
other samples at applied voltages of 15 V, 20 V and 25 V for 25 minutes. The experiments were
conducted at 20◦C. All anodized samples were annealed in a nitrogen atmosphere at 500 ◦C for
3 hours. X- ray diffraction (XRD, Panalytical X-Pert Pro MRD XL,CuKα radiation,λ=1.5418
A˚ ) was employed to investigate the phase and crystal structure of the samples. The XRD
measurements were conducted within 2θ range from 20◦ to 60◦. Match software was used to
analyse the recorded pattern. To confirm the existence of carbon atoms in the oxide film,
X-ray photoelectron spectroscopy test (XPS) was done on C-doped nanotube arrays. Kratos
AXIS Nova instrument, which utilises a monochromatic Al K X-ray source (1486.69 eV) was
used for XPS test. Scanning electron microscopy (SEM, Carl Zeiss SUPRA 55VP instrument)
was used to observe the morphology of TiO2 nanotubes. The electrochemical measurements
were carried out in a three electrode cell. A platinum standard electrode was the counter
electrode, Ag/AgCl was the reference electrode and TiO2 nanotubes on the sample was the
working electrode. For electrochemical tests, the electrochemical cell was filled with potassium
buffered saline solution. The EIS was measured at a frequency of 1 KH. A range of potential
from -0.1 V to 0.6 V versus saturated Ag/AgCl was applied in the cyclic voltammetry test. The
area of the sample which was exposed to the solution of the electrochemical cell was (4.9
mm2) in all electrochemical experiments. To evaluate the wettability, water contact angle was
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Figure 1. SEM images of T iO2 nanotube arrays of (a) TNT-C-15 V, (b) TNT-C-20 V, (c) TNT-C-25 V, (d)
TNT-25 V, (e) TNT-35 V and (f) TNT-45 V.
measured for all anodized samples. The water drop volume was 3 ml. All measurements were
conducted at room temperature. To conduct indirect cytotoxicity test, VERO cells (ATCC
CCL81 African green Monkey Kidney) seeded into a media previously incubated in contact with
the samples. Samples were autoclaved for 45 minutes at 121 ◦C, for sterilization. The utoclaved
samples were placed in a 24-wells plate, dried and coated with PEI (polyethylenimine). The PEI
was removed and 30 µl of laminin was spread over the surface of each pre-coated sample. Then,
The plate was incubated in the atmosphere of 2% CO2 at a temperature of 37 C for 30
minutes. Laminin was removed and 1 ml of the media containing VERO cells was added to each
sample. Cells on nanotube samples were let to rest in the incubator for 2, 4 and 7 days. For each
appropriate time after cells seeding, samples were removed and placed into a new plate for cells
counting. First the samples were rinsed with Phosphate-Buffered Saline solution (PBS) and then
followed by a Trypsin treatment to separate cells from the sample surfaces. Cells were manually
counted and estimated using Trypan blue staining method on a Hemocymeter. Scanning electron
microscopy was used to observe the morphology of the cells cultured on the TiO2nanotube
arrays. After the cell culture, cells were fixed in 4% paraformaldehyde for 10 min. Followed by
3 times washing using PBS, cells were then dehydrated by increasing concentrations of ethanol
in water (25%, 50%, 70%, 90%, 100% and again 100% for 5 minutes each). The dried cells
on the electrodes were placed in a vacuum chamber overnight and images from each sample
were captured using Zeiss Supra 55VP to evaluate the cell coverage on each sample. Note that
characterization of nanotube morphology, electrochemical test and biological test were performed
on fabricated nanotube arrays after annealing in atmosphere of nitrogen.
3. Results and discussion
pure TiO2 nanotube arrays with three various morphologies were fabricated by anodizing three
samples at 25 V, 35 V and 45 V in electrolyte A (group 1). To obtain C-doped TiO2 nanotube
arrays with morphologies close to those of pure nanotubes, three other samples were anodized in
electrolyte B at 15 V, 20 V and 25 V (group 2). For convenience, the nanotubes arrays which were
fabricated in electrolyte A at voltages of 25 V, 35 V and 45 V were named as TNT-25 V, TNT-35
V and TNT-45 V respectively, while nanotubes arrays which were produced in electrolyte B at
15 V, 20 V and 25 V were named as TNT-C-15 V, TNT-C-20 V and TNT-C-25 V respectively. It
was observed that the pairs (TNT-25V, TNT-C-15V), (TNT-35V, TNT-C-20V) and (TNT-45V,
TNT-C-23V) were convergent in terms of tube diameter and tube wall thickness, while nanotube
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Figure 2. (a) X-ray diffraction patterns of fabricated T iO2 nanotube arrays (b) XPS spectrum (Ti2p) for
C-doped nanotube arrays (c) XPS spectrum (C1s) for C-doped nanotube arrays .
Figure 3. Bode plots for (a) TNT-C-15V and TNT-25V (b) TNT-C-20V and TNT-35V (c) TNT-C-25V and
TNT-45V.
arrays result in anodization in electrolyte A had a bigger tube length than those anodized in
electrolyte B. Figure 1 is the SEM images of the fabricated TiO2 nanotube arrays. The values
of tube diameter, tube wall thickness and tube length are listed in table 1. Figure 2a shows the
X-ray diffraction patterns for all annealed samples. It can be seen that TiO2 nanotube films
have main peaks that match with the anatase phase of titanium dioxide at 2θ values of (25.31),
(37.57 ), (47.91 ), (53.75) and (55.08). In the patterns of undoped samples, peaks appeared
in 2θ value of 20 as an instrument noise appeared at the beginning of the experiment. As
TiO2 nanotube arrays result from anodization process have amorphous structures [9], X-ray
diffraction patterns give a good indication of successful transformation from amorphous to
crystal structure after annealing. To investigate the composition of C-doped TiO2 nanotube
arrays, XPs analysis was performed. Figure 2b shows Ti 2p spectra with two peaks obtained
corresponding to Ti2p3/2 and Ti2p1/2 at 459.2 eV and 465 eV respectively indicating that this
signals corresponded to TiO2 [10]. The peak C1s appeared at 284.6 eV which could be attributed
to C-Ti [11]. According to Valentin at el the presence of carbon atoms in the lattice of anatase
TiO2 culd be attributed to the replacement of some of oxygen and titanium atoms with carbon
atoms [12]. The electrochemical impedance plots of the three pairs of samples are illustrated in
Figure 3. The EIS values of the TiO2 nanotube arrays of the pairs of samples changed in the
following order: 1905.5 Ω (TNT-25V) > 680 Ω (TNT-C-15V) , 1479 Ω (TNT-35V)> 436.5 Ω
(TNT-C-20V) and 583.4 Ω (TNT-45V) > 338 Ω (TNT-C-25V). It can bee seen that EIS value
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Figure 4. Cyclic voltammetry curves of (a) TNT-C-15V and TNT-25V (b) TNT-C-20V and TNT-35V (c)
TNT-C-25V and TNT-45V.
decreases with the increase of tube wall thickness for the samples in both groups. This inverse
relationship between tube wall thickness and electrical conductivity could be due to the path of
the charge transformation. Thicker tube wall provides greater support for the the space charge
layer created through charge movement [13]. In each pair of the samples, TiO2 nanotube arrays
were convergent in tube diameter and tube wall thickness but nanotubes arrays in group 1 have
longer tubes. The electrochemical impedance is inversely proportional to the tube diameter and
tube wall thickness and directly proportional to the tube length [14]. As nanotubes in group 2
have thicker walls and shorter length, that nanotubes in group 2 have lower EIS than those in
group 1 in each pair. The existence of carbon atoms in the lattice of TiO2 provides a path with
lower resistance for charge movement and consequently enhance the electrical conductivity. The
Cyclic voltammetry (CV) curves of the six samples of TiO2 nanotube arrays were shown in
Figure 4. The capacitance of annealed nanotubes electrodes were calculated from the recorded
(CV) curves using the equation: C = S/2mk(U1 − U2) where C is the capacitance, S is the
area between charge and discharge curves, m is the mass of active material, k is the potential
scanning rate, U1 is the initial potential and U2 is the set potential. The obtained values of
capacitance were found to be : 56.2 F/mg (TNT-C-15 V) > 37.1 F/mg (TNT-25 V), 109
F/mg (TNT-C-20) > 56.4 F/mg (TNT-35 V) and 130 F/mg (TNT-C-25 V) > 77.1 F/mg
(TNT-45V). From the capacitance values, it is clear that in each pair, nanotubes on the samples
of group 2 have higher capacitances than those on the samples of group 1. This difference in
capacitance values between the samples of the tow groups may be attributed to the difference
in electrical conductivity. Samples of group 2 have higher electrical conductivity. This higher
conductivity leads to higher enhancement in charge transformation through charge- discharge
process and consequently higher capacitance. Water contact angle measurements show that all
samples show hydrophilic behaviour. Figure 5-a shows the images of the water drops on the
fabricated nanotube arrays. It was observed that contact angle increases with increase of tube
diameter. This could be due to a decrease in roughness and effective surface area with the
increase in diameter [15]. Figure 5-b illustrate that carbon doped nanotube arrays show more
hydrophilicity than pure nanotube arrays having convergent tube diameter and wall thickness. To
investigate the biocompatibility, VERO cells were seeded on the fabricated nanotube arrays and
cell proliferation test on the fabricated nanotube arrays was performed. As it is shown in figure
6-a, cell density on all nanotube arrays increases with time indicating that the six samples have a
good biocompatibility. Figure 6-b is the SEM images of the cultured cells on the sample surfaces
after 4 days of cell seeding. SEM images show that in both of pure and C-doped nanotube
arrays, cell density decrease with an increase in applied voltage. This could be explained by the
increase of tube diameter as a result of the increase in the applied voltage. This observation is in
line with the observation in some earlier study [16]. Furthermore, Figure 6(a and b) shows that
in each pair of nanotube arrays, C-doped nanotube arrays have higher cell density than those
61234567890
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Figure 5. (a) Images of water drop on the surfaces of the fabricated nanotube arrays, (b) contact angle of
water drope on the fabricated nanotube arrays. Error bars show standard deviation for n = 5 samples
Figure 6. (a) Cell proliferation in terms of cell density measured after 2, 4 and 7 days. Error bars show
standard deviation for n = 3 samples, (b) SEM images of cultured cells on the six samples
of pure arrays indicating that carbon doping increases the biocompatibility of TiO2 nanotube
arrays.
4. Conclusions
In this study, we investigate the electrochemical properties, wettability and biocompatibility of
TiO2 nanotube arrays produced by anodic oxidation in two different electrolytes and annealed in
atmosphere of nitrogen. The first arrays consist of pure TiO2 nanotubes and the second include
TiO2 nanotubes doped with carbon. The results of electrochemical measurements showed that
the electrical conductivity and capacitance of the nanotubes arrays are directly related to the
tube wall thickness. carbon doped TiO2 nanotubes arrays have lower impedance and higher
capacity compared Pure TiO2 nanotube arrays. Both groups of TiO2 nanotubes arrays have
good biocompatibility and wettability. Water contact angle and biological test revealed that
doped with carbon enhances the biocompatibility and wettability of TiO2 nanotubes arrays.
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